
Reaction Kinetics and Mechanism of Magnetic Field

Effect in Cryptochrome (Supporting Material)

Ilia A. Solov’yov∗,† and Klaus Schulten∗,†,‡

Beckman Institute for Advanced Science and Technology, University of Illinois at

Urbana-Champaign, Urbana, Illinois, USA, and Department of Physics, University of Illinois at

Urbana-Champaign, Urbana, Illinois, USA

E-mail: ilia@illinois.edu; kschulte@ks.uiuc.edu

∗To whom correspondence should be addressed
†Beckman Institute, University of Illinois at Urbana-Champaign
‡Department of Physics, University of Illinois at Urbana-Champaign

1



Absorption spectrum

The efficiency of light absorption at wavelength λ by an absorbing medium is characterized

through the absorbance A(λ ) defined as1

A(λ ) = log
I0(λ )
I(λ )

, (S1)

where I0(λ ) and I(λ ) are the light intensities of the beam entering and leaving the absorbing

medium, respectively. According to the reaction scheme in Fig. 2, cryptochrome can occupy

several states, which are expected to absorb light differently. Therefore, according to the Beer-

Lambert-Bouguer law,1 the absorbance of the cryptochrome-containing sample is given by Eq. (1).

The molar extinction coefficient, εi, in Eq. (1) of a light-absorbing component in the system is

directly related to the absorption cross section, σi, which characterizes the photon-capture area of

a molecule1

σi(λ ) = 1000ln(10)
εi(λ )
NA

= 3.82×10−21εi(λ ). (S2)

Here NA is Avogadro’s number; the absorption cross section in Eq. (S2) is measured in units of

cm2.

Rate constants

The rate constants in Eqs. (2)-(10) determine the time evolution of intermediate states in cryp-

tochrome. Many of the rate constants are available from experiments performed on cryptochrome

and cryptochrome-like proteins from various species, such as garden warbler,2 Drosophila mela-

nogaster,3,4 Arabidopsis thaliana,5,6 and Homo sapiens.4,7 Many studies were also done for DNA

photolyase, a protein structurally similar to cryptochrome.8–11,11–13 Some of the rate constants can

be independently estimated from fundamental physical principles.14,15 The adopted rate constants

are summarized in Tab. 1.
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Flavin photoexcitation. The rate constants k1 and k2 represent the rate of photoexcitation of

the flavin cofactor from its fully oxidized FAD state and from the semiquinone FADH• state to

the excited FAD∗ and FADH•∗ states, respectively, (see Fig. 2). The FAD → FAD∗ and FADH• →

FADH•∗ transitions are induced by a laser pulse (see Fig. 1) and arise only during the pulse duration

τ . The rate constants k1 and k2 depend on the laser power and can be estimated as

kex = σ
Pχ

EphS0
(1−Θ(t − τ)) , (S3)

where P = E/τ is the power of the laser pulse (with E being the energy of the pulse and τ the

pulse duration), S0 is the cross section area of the light beam hitting the sample, χ ≤ 1 defines the

fraction of power deposited at the sample, σ is the absorption cross section defined in Eq. (S2),

Eph = hc/λ is the energy of a single photon (with h being the Planck constant and c the speed of

light), Θ(x) is the Heaviside step-function which limits the photoexcitation of FAD and FADH• to

the period of the laser pulse duration. Here we do not consider the periodicity of the laser pulses

as the time interval between two successive pulses is significantly longer than the typical reaction

times involved in the scheme shown in Fig. 2 (the pulse frequency used in the observation2 was

10 Hz).

Assuming a Gaussian radial profile of the laser beam and substituting Eq. (S2) into Eq. (S3)

one obtains

kex = 612.686× Pλε(λ )
R2

[
1− exp

(
−R2/ω2)

1− exp
(
−R2

0/ω2
)](1−Θ(t − τ)) , (S4)

where R is the radius of the beam at the sample measured in µm, R0 is the radius of the output

beam from the laser measured in µm and ω is the radius at which the laser field amplitude drops to

1/e. ε in Eq. (S4) is measured in L ·mol−1cm−1, λ is measured in nm and P is measured in Watt.

In the measurements2 the R0 value was R0 = 3000 µm and the size of the sample used was

likely smaller allowing one to assume R = 1500 µm. With ω = 1000 µm, a typical value for the

amplitude fall-off of the laser beam,16,17 Eq. (S4) can be used to estimate the photoexcitation rate
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constants k1 and k2. The rate constants k1 and k2 are determined by the laser wavelength, 355 nm,

and the beam power, 106 W.2 Figure S1 shows that the extinction coefficient of the oxidized

flavin (FAD) at λ = 355 nm is about 7900 L ·mol−1cm−1,2,13 resulting in k1 = 6.8× 108 s−1.

The absorption (extinction) spectra in Fig. S1 were recorded for the three redox states of FAD18

and normalized to the absorption of FAD at 450 nm (ε450 = 11.3× 104 L ·mol−1cm−1) (solid

line).2 We note that the wavelength dependence of the extinction coefficient in garden warbler,2

Drosophila, and human3,7 cryptochromes maintains the general features of the absorption profile

shown in Fig. S1. Similarly, Fig. S1 shows that the extinction coefficient of semiquinone (FADH•)

flavin at λ = 355 nm is about 10400 L ·mol−1cm−1 (solid line),2,13 resulting in k2 = 9×108 s−1.

The rate constants k1 and k2 apply only during the laser pulse duration time of τ = 5 ns.

Flavin excited states relaxation. The rate constants k(1)rel and k(2)rel describe the FAD∗ → FAD and

FADH•∗→ FADH• relaxation processes, respectively (see Fig. 2). These relaxation processes have

not been very well documented in cryptochrome, but the FADH•∗ → FADH• transition was stud-

ied in DNA photolyase,9 a protein homologous to cryptochrome.19,20 According to experimental

measurement9 the lifetime for the relaxation of FADH•∗ to the ground state is 80 ps, leading to

the value k(2)rel = 1.25× 1010 s−1. The FAD∗ → FAD transition is expected to occur on a similar

timescale and, accordingly, we assume k(1)rel = 1.25×1010 s−1.

Radical pair formation. The rate constant krp describes the 1[FADH•+Trp•] radical pair for-

mation process (see Fig. 2). The characteristic time for this process is 30 ps, as confirmed by us-

ing ultrafast pump-probe spectroscopy in the near-infrared spectral region in DNA photolyase,11

leading to krp = 3.3× 1010 s−1. Although krp has not been clearly resolved for cryptochrome,

we assume the rate constant from DNA photolyase to be of the same order of magnitude in all

photolyase/cryptochrome-like proteins.7,8,14

Flavin deprotonation. The rate constant k(1)ox describes the deprotonation process of FADH+,

as denoted in Fig 2. Since the FADH+ state of the flavin cofactor has never been observed in
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cryptochrome, and/or photolyase,2,4–11,11,12,21 the characteristic time of FADH+ deprotonation is

expected to be on the order of few picoseconds, which is beyond experimental resolution. Thus,

we assume the value k(1)ox = 1/10 ps = 1011 s−1.

Electron transfer involving flavin radical. The rate constants k(1)et describes electron transfer

from the FADH• radical to the Trp• radical (see Fig. 2). k(1)et is expected to have an approximate

value of 1/10 µs = 105 s−1, since the radical pair in cryptochrome is assumed to have a life-

time of 6 µs;7 measurements were performed using transient EPR spectroscopy, with the system

optically excited by a Nd:YAG laser (Spectra Physics GCR-11) pumping an optical parametric os-

cillator (Opta BBO-355-vis/IR, Opta GmbH, Bensheim, Germany) tuned to a wavelength of 460

nm (pulse width 6 ns; pulse energy 4 mJ). At this particular wavelength the extinction coefficient

of the semiquinone (FADH•) flavin is about 3600 L ·mol−1cm−1 (see blue solid line in Fig. S1).

The chosen laser pulse power leads to the photoexcitation rate constant k2 = 2.6× 108 s−1 under

the assumption that the geometrical characteristics of the laser beams in two experiments2,7 are

identical. Since the fast photoexcitation decay channel of the radical pair is only possible during

the period of the laser pulse, the fourfold decrease of the photoexcitation rate constant would lead

to a significant increase of the lifetime of the radical pair state allowing its detection in the EPR

measurements.

The rate constant k(2)et describes electron transfer from the Trp• radical to the excited FADH•∗

radical. The electron transfer rate constant for this process was measured in DNA photolyase using

time-resolved absorption spectroscopy and found to be k(2)et = 2.6×1010 s−1.9 Similar values for

the electron transfer rate constants can also be estimated from Marcus theory of electron transfer.14

S ↔ T interconversion. The rate constant ks f describes the singlet-triplet interconversion pro-

cess in cryptochrome (see Fig. 2) as a first order reaction process. We employ such process as a

very rough model for the actual quantum mechanical spin precession process, since only time scale

and yield of singlet-triplet interconversion matter. The ks f rate constant depends on several factors,

such as the hyperfine interaction in the radical pair, exchange and dipole-dipole interaction between
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the radical pair partners, and the external magnetic field. To calculate the singlet-triplet kinetics

one needs to solve the stochastic Liouville equation for the radical pair in the system.14,15,22,23 In

the present study we cast the transition process into a single rate constant as done earlier.24 It has

been demonstrated14,15,25 that for a generic radical pair holds ks f = 106 − 108 s−1. ks f is mag-

netic field dependent and, thereby, responsible for the magnetic field effect in cryptochrome. We

demonstrate the feasibility of a magnetic field effect in cryptochrome by varying the value of ks f .

If cryptochrome is the primary magnetoreceptor protein in birds and other animals, it is natural to

assume that nature has designed it in such a way that the external geomagnetic field produces a sig-

nificant effect. The time needed for a significant transformation of a singlet state 1[FADH•+Trp•]

into a triplet state 3[FADH•+Trp•] and vice versa in a 0.5 G magnetic field is typically ∼ 700 ns;25

therefore we assume ks f = 106 s−1 for the singlet-triplet interconversion rate constant.

Singlet and Triplet decay kinetics. The rate constants kS and kT describe the singlet and the

triplet decays of the [FADH• + Trp•] radical pair (see Fig. 2). Together with the k(1)et electron

transfer rate constant they define the lifetime of the radical pair. According to the experiment, the

lifetime of the radical pair in cryptochrome is & 6 µs;7 therefore, we assume kS = kT = 1/10 µs =

105 s−1, i.e. we take the lower bound as our estimate of the radical pair lifetime. For the sake of

simplicity we also assume spin-independent decay kinetics of the radical pair, i.e. kS = kT .

Dark reaction kinetics. The rate constants kred and k(2)ox are associated with the two-step cryp-

tochrome dark reaction (see Fig. 2). Both stages involved are expected to be fairly long-lived,

with a lifetime on the order of milliseconds, and should be resolved in transient absorption spectra

reported in the experiment.2 According to the experiment, two transient states in cryptochrome

with lifetimes of 4 ms and 14 ms were detected. kred describes the reduction process of the

semiquinone FADH• radical possibly involving the O•−
2 radical, as suggested earlier.15 It is natural

to expect that the lifetime of the signalling state in cryptochrome is maximal, leading to the values

kred = 1/14 ms ≈ 70 s−1 and k(2)ox = 1/4 ms = 250 s−1.
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Flavin absorption spectra

Optical absorbance of cryptochrome is dominated by the absorbance of the isoalloxazine moiety in

FAD.2,7 Figure S1 shows absorption spectra recorded for the three redox states of FAD: the fully

reduced FADH−, one-electron oxidized FADH• and the two-electron oxidized FAD.7,18,26

Figure S1: Flavin absorption spectra. Wavelength dependence of the molar absorption of the
flavin chromophore in its three redox states FAD (red line), FADH• (blue line), and FADH−

(green line). Vertical dashed lines set the limits for the wavelengths used in experiment2 and
in the calculations reported here. The spectra of the flavin chromophore shown as a solid line
have been adopted from a textbook,18 while the spectra of different redox forms of selected cryp-
tochrome/photolyase shown as a dashed line are digitized from the measured pattern.26

The calculated absorption spectrum in Fig. 3 depends on the value of the extinction coeffi-

cients, εi, of the cryptochrome transient states (see Eq. (1)), which are wavelength dependent.

The extinction coefficients for FAD, FADH• and FADH− were chosen as 300 L ·mol−1cm−1,
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2695 L ·mol−1cm−1 and 690 L ·mol−1cm−1, respectively, for 490-550 nm, and the extinction co-

efficient for FADH• at 550-630 nm was assumed to be 3843 L ·mol−1cm−1. Figure S1 illustrates

that the chosen values are consistent with the experimentally recorded absorption profiles for the

different redox states of the flavin moiety.

The only noticeable difference between calculated and observed spectra is the increased value

of the extinction coefficient for the fully reduced FADH− state of the flavin cofactor, which in

the calculation is slightly larger than the extinction coefficient for the fully oxidized FAD state.

However, both extinction coefficients are expected to be small (see Fig. S1), as they are taken

from the far edge of the absorption spectrum. Therefore, the inaccuracy in their value is high,

but inconsequential. To illustrate the uncertainty of flavin extinction at 490-550 nm in Fig. S1 we

show two sets of absorption profiles for the different redox states of the flavin cofactor recorded

for an isolated flavin cromophore18 (solid line) and for the selected cryptochrome/photolyase pro-

teins26 (dashed line). Although in both systems the absorption spectra contain similar features, one

notes that the spectra for the oxidized (FAD) and semiquinone (FADH•) states in the isolated flavin

chromophore are red-shifted with respect to the spectra recorded for cryptochrome/photolyase pro-

teins, thereby exhibiting significantly different absorption at 490-550 nm. Another reason for the

increased absorption of the FADH• state in our model may be that in the experiment2 FADH− is

actually substituted by the anionic FAD•− radical state which exhibits a somewhat higher absorp-

tion at 490-550 nm.26 This explanation is worth studying in a systematic fashion.

Transient absorption is a powerful technique for studying intermediate states in chemical re-

actions, but the method often delivers data which cannot be unequivocally interpreted since the

absorption patterns for different molecules and their various states often overlap. The impact of si-

multaneous absorption of several transient states at the same wavelength on the total absorption of

the sample had to be addressed already three decades ago for pyrene/DMDMA complex,24 where

a theoretical approach, similar to the method which we now use for cryptochrome transient ab-

sorption calculation, was successfully employed in the first quantitative demonstration of a radical

pair magnetic field effect. Large biomolecules usually have many constituents which respond to
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the typical wavelengths used by probe light in the transient absorption experiment. Recent studies

on transient absorption of cryptochrome, and cryptochrome-like proteins, often deliver a single

explanation for the measured data and do not discuss how the result would change if other possible

transient states of the studied proteins were taken into account. The only way to unequivocally

interpret the results of measurements in the present case is through measurements at different con-

ditions that likely impact the reaction kinetics and shift the equilibrium toward different transient

states.
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